Monoclonal antibody (mAb) therapeutics are a successful and rapidly expanding class of pharmaceuticals due to their high specificity (through the high affinity, bivalent Fab regions of the IgG), activity (either through direct agonist/antagonist activity via antigen binding or via antibody mediated effector function), favorable pharmacokinetics (neonatal Fc receptor (FcRn) binding prevents antibody degradation and increases serum halflife), and standardized manufacturing processes. [1] [2] [3] [4] [5] [6] [7] [8] [9] While there are many techniques for the discovery of antibodies against important disease associated antigens, finding antibodies that bind defined functional epitopes with high specificity and affinity can be difficult. Classical hybridoma mAb discovery requires animal immunization, B-cell fusion, clonal screening, and antibody gene cloning before preclinical testing of the mAb as a potential therapeutic can begin. [10] [11] [12] Additionally, many hybridoma derived mAbs will have to be humanized before clinical application. 13 Display based approaches circumvent many of the issues associated with animal immunization and hybridoma development. Antibody display allows for the direct selection of fully human antibodies, and the display systems are designed such that much of the cell and molecular biology associated with hybridoma development is unnecessary.
14 However, despite the improvements over classical mAb development approaches, antibody display requires multiple rounds of selection, clonal screening, and can often result in mAbs that bind nonfunctional epitopes. [14] [15] [16] Recently, in efforts to avoid the procedurally intensive and time consuming process of antibody selection, small molecules that target cell surface receptors conjugated onto antibody scaffolds have been utilized as antibody-like molecules.
This enables one to take advantage of the favorable characteristics of small molecules and peptides to achieve target specificity, while still retaining the desired properties of mAb therapeutics.
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One technology utilizing small molecules as the 2 source of affinity and specificity are Covx-bodies. Covxbodies, developed by Barbas III et al., utilize a humanized murine aldolase catalytic antibody as the scaffold, and conjugate the small molecule (often peptide ligand mimetics) to the highly nucleophilic lysine in the catalytic active site. 18 Because Covx-bodies are built on the aldolase IgG scaffold, the resulting drugs retain desirable activity and PK. 19 Since every Covx-body is built on the same humanized aldolase mAb, it allows for the rapid development of mAb-like therapeutics against diverse targets.
18-24 The humanized aldolase mAb platform is also a potential drawback of this technology, as humanized antibodies, while they have a substantial reduction in immunogenicity from their murine-derived precursors, still have higher immunogenicity than fully human antibodies. [25] [26] [27] [28] Additionally, nearly 2/3 of the Covx-body (the Fab regions) serve as a scaffold for the small molecule. Ideally, an optimized construct would be comprised of a small molecule conjugated directly to the Fc region to eliminate unnecessary and potentially immunogenic protein sequence.
An approach for generating an Fc-small molecule construct was recently described by Chiang et al., wherein expressed protein ligation was utilized to label the Cterminus of an Fc fragment with a high affinity small molecule. 29 This process circumvents some of the drawbacks associated with the Covx-body approach while still retaining the desired effector functions of the Fc domain, however, it is potentially limited by the use of expressed protein ligation. Expressed protein ligation, while a powerful tool in protein engineering, limits labeling of proteins to the C-terminus, limits the chemistries that can be utilized for conjugation, and only allows for a single conjugation site per translated protein (e.g. 2 total sites for the Fc homodimer). 30 Herein, we describe a generalizable method for the synthesis of mAb-like small molecule-antibody mimetics via the site-specific conjugation of high affinity small molecules to a human Fc antibody fragment. The Fc-small molecule conjugate relies on the small molecule for epitope binding, and the Fc portion would provide effector function and half-life of a traditional mAb therapeutic. To enable bio-orthogonal, site-specific small molecule conjugation, we expressed a E269pAcPhe Fc (from human IgG1) antibody fragment using an orthogonal amber suppressor aminoacyl-tRNA synthetase/tRNA pair specific for pAcPhe via previously reported methods. 31, 32 Briefly, recombinant Fc containing the pAcPhe UAA was produced by co-expressing, via transient transfection into HEK293-F cells, an orthogonal tRNA/aminoacyl-tRNA synthetase (aaRS) pair specific for pAcPhe and an Fc gene containing a TAG codon at residue E269 ( Figure S1 ) and expressing for 7 days in the presence of 1.3 mM pAcPhe amino acid. The E269pAcPhe Fc provides a platform for which any aminoxy modified molecule can be conjugated to the incorportated ketone moeity in order to produce an antibody mimetic via an oxime linkage at a position that should not interfere with Fc binding or effector function.
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Utilizing a site-specifically incorporated unnatural amino acid for the small molecule conjugation (as opposed to conventional lysine or cysteine conjugation) allows for the generation of a homogenous product, both in terms of conjugate loading and conjugate location. This helps assure that final product has reproducible binding characteristics and that the small molecule conjugation will not disrupt the desired effector functions of the Fc. 37, 38 Additionally, this method enables the flexibility to manipulate the construct 3 at multiple different position; UAA incorporation and biorthogonal conjugation allows for conjugation at any surface exposed site in the protein (including the N or C termini) and even allows incorporation of multiple UAAs (either the same UAA or different UAAs). [39] [40] [41] As a proof of concept, we chose to conjugate folic acid, which binds with very high specificity and affinity to the high affinity folate receptor FR-α. 42 FR-α is overexpressed in a number of cancer types including breast, ovarian, and lung cancer, has been explored as a potential candidate for targeted cancer therapeutics, and higher expression levels is associated with poorer outcome. [43] [44] [45] [46] [47] [48] Before folic acid conjugation could be accomplished, first the folic acid had to be aminoxy modified. The folic acid was modified at the carboxylic acid moieties, using previously reported chemistry, adding a short linker and the desired aminoxy group (Scheme S1, Scheme S2).
17,49 The modified folic acid was then used to generate the site specific Fc-folic acid conjugate via the bio-orthogonal oxime ligation (Scheme 1). [31] [32] [33] [34] [35] [36] [37] [38] After the 48 hour reaction, the conjugate was purified and buffer exchanged via PD-10 desalting column, before being analyzed for conjugation efficiency and purity via SDS-PAGE and ESI-MS (Figure 1) . The reaction proceeded in quantitative yields and as shown in the ESI-MS data, has exactly two conjugates per Fc, with one folic acid per each of the monomers that make up the Fc homodimer.
The specificity of the Fc-folic acid conjugate was assessed via flow cytometry with the folate-receptor positive breast cancer cell line MDA-MB-231 (Figure 2 ). Fc-folic acid binding was assessed in both the absence and presence of an excess of free folic acid. The results revealed that the Fc-folic acid conjugate binds to a cell line which expresses the folate receptor, and showed that the binding is specific to that receptor, as the conjugate can be competed off by an excess of free ligand (10-fold molar excess). Thus, the Fc-folic acid conjugate represents a specific reagent to report FR-positive cells, such as breast cancer cells, and enables Fc-dependent strategies for recognition and targeting.
In summary, we report the development of a generalizable method for the synthesis of site-specifically conjugated Fc-small molecule antibody mimetics. As an example we synthesized an Fc-folic acid conjugate, and showed that it specifically bound to the folate receptor on the folate receptor positive human breast cancer cell line MDA-MB-231. One can envision this technology being applied to other targets with associated high affinity small molecule binders. Such molecules include 2-[3-(1,3-dicarboxy propyl)-ureido] pentanedioic acid (DUPA) which specifically binds and inhibits the protease active site in the prostate specific membrane antigen (PSMA), a specific target in prostate cancer, ligand mimetic peptides against cancer associated integrins (e.g. RGD peptides against αvβ1, αvβ3, and αvβ5), and ligands and ligand mimetics of cancer associated peptide receptors (e.g. calcitonin and endothelin receptors). [50] [51] [52] In particular, this method would enable the targeting of epitopes that have been historically difficult to select antibodies against (but have available small molecule binders), such as the active sites of enzymes like neuraminidase (e.g. Oseltamivir) for the treatment of influenza, or several cancer relevant cell surface enzymes including membrane anchored serine proteases like PSMA.
53-57 Additionally, because the Fc portion of the conjugate should provide both the activity and desirable pharmacokinetics of the conjugate, it enables using molecules with high affinity binding characteristics, but without any innate activity (such as many aptamers), to be used in potential therapeutically relevant applications.
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